Abstract Molecular methods allow the detection of pathogen nucleic acids (DNA and RNA) and, therefore, the detection of contamination in food is carried out with high selectivity and rapidity. In the last 2 decades molecular methods have accompanied traditional diagnostic methods in routine pathogen detection, and might replace them in the upcoming future. In this review the implementation in diagnostics of four of the most used molecular techniques (PCR, NASBA, microarray, LDR) are described and compared, highlighting advantages and limitations of each of them. Drawbacks of molecular methods with regard to traditional ones and the difficulties encountered in pathogen detection from food or clinical specimen are also discussed. Moreover, criteria for the choice of the target sequence for a secure detection and classification of pathogens and possible developments in molecular diagnostics are also proposed.
Introduction
Zoonoses and foodborne pathogens are health threatening agents that cause disease and death in humans, even in developed countries. In Europe as well as in the USA, pathogens such as Listeria, Escherichia coli, Salmonella, Campylobacter and Mycobacterium bovis are widespread and are occasionally the cause of disease outbreaks [54] . Traditional diagnostic methods identify a pathogen based on its phenotype: e.g. classification according to the ability to grow on a certain media, to metabolize a given chemical compound, etc. The exact classification of a serotype is achieved with the use of antibodies, generally directed against membrane proteins, or with serotype specific bacteriophages. The correct assessment of a clinical isolate can take 2-3 days or longer. Therefore, the development of rapid and secure methods to detect and trace the origin of pathogens and contaminants is urgently needed [7] . Faster and simpler methods would be a great advantage for many diagnostic purposes. Food safety could be greatly enhanced by the use of fast diagnostic methods allowing the immediate detection of pathogens [49] .
Fast diagnostic methods include those based on the recognition and amplification of nucleic acids. As the same detection technique can be applied to identify nucleic acids from all organisms, the same strategies can be used in clinical diagnosis as for the detection of food-borne pathogens and GMOs. Methods for the amplification and detection of very small quantities of nucleic acids have been available for many years, but only in the last 10-15 years have been employed in diagnostics. Furthermore, in the last decade the amount of nucleic acid sequence data available for many organisms, including the whole genome sequence of a large number of pathogens has provided more support for DNA/RNA-based tests.
In this review, we describe some of the most commonly used nucleic acid-based methods for contamination detection and compare the advantages and limitations of these techniques.
Polymerase chain reaction
The Polymerase chain reaction (PCR) was the most important development for research in molecular biology A. Lauri (&) Á P. O. Mariani Parco Tecnologico Padano, Lodi, Italy e-mail: andrea.lauri@tecnoparco.org [36, 41] . It is now the basic technique for the development of most molecular diagnostic methods for food safety and other fields [35] .
In diagnostic PCR, specific primers directed against the DNA of the organism to be detected are used. The homology between primers and the target DNA confers specificity to the amplification. The presence of the amplification product at given reaction conditions reveals the presence of the organism in the tested sample.
The traditional method of visualizing the amplified product by ethidium bromide (EtBr) on an agarose gel has more recently been replaced by the less toxic and more sensitive SYBR GREEN, a dye that emits fluorescence upon intercalating into the double stranded DNA. SYBR GREEN can also be conveniently used in a real-time PCR machine.
The real-time PCR machine is a thermal cycler able to stimulate the fluorescent dye with a laser and to quantify the fluorescence of the reaction mix, and so the amplification product, after each cycle. The measurement of the amplified product in real-time allows to be quantified while the reaction is in the exponential phase and before plateaus. During the exponential phase, differences between samples are a simple function of the initial concentration of the target DNA and can be, therefore, immediately assessed. Moreover, the comparison with reference samples of known concentration allows the quantification of the initial concentration of the target DNA.
Nevertheless, the implementation of SYBR GREEN in real-time amplification experiments does not allow discriminating between specific target amplifications and co-produced PCR artefacts, such as non-specific amplifications or primer dimmers [24] . This could interfere with the detection and quantification of the target DNA, especially at low concentrations.
PCR reliability, in terms of specificity of pathogen detection and quantification, has been improved by the use of dye quenched probes [3, 39, 55] . TaqMan probes, which are the most commonly used dye quenched probes in diagnostics, are short DNA oligonucleotides (normally 10 bp long-10mer) specific to the target sequence between the two primers used in the PCR. TaqMan probes carry a fluorophore at one end and a quencher at the other, which prevents the fluorophore from being visible. During PCR cycling, the TaqMan probe specifically anneals to the single strand DNA target sequence and is degraded by the 3 0 -5 0 exonuclease activity of the DNA polymerase. The fluorophore, separated from the quencher, then becomes visible (Fig. 1) . The fluorescence, measured after each cycle in a real-time PCR machine, is proportional to the amount of the specific target amplification product and does not include PCR artefacts.
Moreover, the use of labelled probes allows the use of an internal positive control (IPC), to reveal the presence of PCR inhibitors. This feature is essential to assess the absence of amplification from a suitable sample, and to dispel the suspicion of false negative results. The IPC comprises a second TaqMan probe and of an artificial oligo carrying the annealing site for the IPC probe. The site is flanked by the two annealing sites of the same primers used in the amplification of the test sample, so that the artificial oligo can be amplified in the reaction. The IPC is added in the reaction mix and the reaction is performed in a realtime PCR machine equipped with two lasers capable of revealing and distinguishing the IPC and the sample signals. The IPC amplification demonstrates the absence of PCR inhibitors. Therefore, the concomitant absence of sample amplification can be considered as a valid result [27] .
PCR implementation in diagnostics
The TaqMan PCR system has been recently used to detect bacterial, fungal, viral and nematode contamination from different matrices including food, human and animal specimens, environmental samples, etc. [21, 27, 43] . PCR is the most widely used molecular diagnostic technique due to its fast and easy to use protocol. Originally, 2-3 h were needed to complete a PCR, but nowadays more advanced PCR systems can deliver a result in a matter of minutes [57] . The high sensitivity of the PCR can be further improved with the application of reverse-transcription-PCR (RT-PCR). This requires the reverse-transcription of RNA by random primers and an RNA dependent DNA polymerase enzyme called reverse transcriptase. The resulting DNA copy of the RNA (cDNA) is used as template in the PCR. So far, RT-PCR has been mostly used to detect retroviruses, such as HIV, norovirus or avian influenza virus, as will be described later [42] .
Numerous TaqMan PCR based tests were implemented in the detection of foodborne pathogens. For instance, Fratamico [15] showed the validity of this technique against traditional immunoassays in the detection of Salmonella sp. in naturally contaminated ground chicken, turkey and beef and [59] developed a test able to detect and discriminate pathogenic strains of Yersinia enterocolitica in pork meat. Elizaquível and colleagues [13] tested the sensitivity of TaqMan PCR in the detection of Leuconostoc sp. from meat products, setting the detection threshold to less than five genomic equivalents per reaction.
It is noteworthy that several PCR based tests have been approved by government agencies for food safety (e.g. Food and Drug Administration in USA), for routine food quality control and clinical diagnosis [63] .
Nucleic acid sequence based amplification (NASBA)
Nucleic acid sequence based amplification (NASBA) is a technology developed in the early 90s to amplify nucleic acids without the use of a thermal cycler [9] . It is most often used to obtain many copies of RNA starting from a few RNA molecules.
This approach employs two specific primers flanking the sequence to be amplified. The first primer (P1) carries at its 5 0 end, the binding sequence for the T7 RNA polymerase and is used to initiate the RNA reverse-transcription (RT) reaction, catalyzed by a reverse-transcriptase. The RNAse H is then used to degrade the RNA strand in the RNA-DNA hybrid molecules that result from the RT reaction. The remaining cDNA is then accessible to the second primer (P2) which initiates the synthesis of the complementary strand. A third enzyme, the T7 RNA Polymerase, docks the double strand DNA on the sequence at the 5 0 end of P1, transcribing many RNA copies of the gene. This process, i.e. the cycle of first strand synthesis/RNA hydrolysis/second strand synthesis and RNA transcription, is repeated indeterminately starting from the newly transcribed RNA (Fig. 2) .
RNA and double strand cDNA accumulate exponentially and can be detected by EtBr/agarose gel electrophoresis. Recently, fluorescently labelled probes and a fluorescence scanner are employed to follow the NASBA real-time amplification of a viral RNA genome [28] .
Bacteria detection can also take advantage quick amplification of expressed genes by NASBA, as described for the enterotoxin related genes from the pasteurization resistant Bacillus sp. in milk [18] .
Compared with PCR, the lab equipment for NASBA is less expensive. NASBA does not require a thermal cycler, which is required to perform the PCR: the NASBA reaction, apart from the initial denaturation step, is carried out in isothermal conditions and a water bath or an isothermal block is sufficient. The use of NASBA could contribute to the development of an affordable, portable and easy to use pathogen detection kit, suitable even for less well equipped laboratories. For instance, NABSA amplification could be coupled to a dipstick, that is a simple and ready to use display method that relies on capillarity for nucleic acid migration and, like NASBA, does not require expensive lab equipment [11] .
Oligonucleotide DNA microarray DNA arrays represent an evolution of nucleic acid detection techniques. They were developed in the late 80s with the intent to directly and simultaneously assess gene expressions. The first versions were represented by collections of cDNA probes, each targeting a different gene, spotted on a nitrocellulose membrane and known as macroarrays. The development of sophisticated probe printing and image scanning technologies during the last 15 years has contributed to the miniaturization of the support and incremented the spot density, generating microarrays. Microarrays typically consist of a few squared centimetre support (e.g. a microscope glass slide), also known as chip, containing up to hundreds of thousands of probes representing for instance the whole genome or the whole transcriptome of the organisms under investigation. In certain cases, the use of this many probes is not necessary and the microarray is more conveniently divided into subarrays. For instance, each subarray can represent replicates of the same probe set and different experiments can be carried out in parallel on the same chip.
In spite to the evolution of the array, the typical experimental procedure conserved similar steps for macro and microarrays. First, the sample under investigation, which can be mRNA, cDNA, PCR products or genomic DNA, is labelled with a dye (e.g. a fluorescent or radioactive dye). The labelled sample is denaturated to produce single strand fragments and then hybridized to the array. Each DNA fragment will be captured by the corresponding DNA probe.
The excess of labelled nucleic acid is then washed away and the array is scanned to quantify the dye signal from each spot. The signal intensity corresponds to the concentration of each labelled nucleic acid fragment.
Oligo DNA microarray that have been extensively used in diagnosis, feature specific DNA oligonucleotides as probes. Each oligonucleotide probe can target a specific part of a gene, a fragment of genomic DNA or a universal Zip Code (see below).
Differences in oligonucleotide DNA microarrays regard mainly the technique used to print the spots and the oligo length. Manufacturers like Affymetrix use a photolithography strategy to synthesize the oligo directly on the chip, producing 25mer oligonucleotides [15, 51] . This technique allows strict control over number, concentration and spacing of each probe, enabling the production of high density microarray (500 k unique 25mer, each contained in an 18 lm 2 spot; [34] ). Other microarray manufacturers take advantage of a spotter. The spotter, either with a pin or with an ''ink jet'' method, deposit droplets of oligo DNA (normally 25-70mers) that bind to the chip surface [26] . Although microarrays produced by photolithography have better performance in terms of data reproducibility and higher level of miniaturization, spotted microarrays can be constructed ''in house'' by a research laboratory and are generally cheaper. Nevertheless, cross contamination of probes and pin clogging are problems often encountered, resulting in non-specific signals and missing spots [12] .
The length of the oligos varies from 25 to 70 bps. Generally, long oligos have higher sensitivity, but short oligos offer a higher power to recognise unspecific hybridisations [2, 61] . The higher selectivity of 25mer microarrays is achieved with the probe pair system, first introduced by Affymetrix: each probe (that is a ''perfect match'', PM) is accompanied by another ''mismatched'' (MM) probe. The MM probe differs from the PM probe only for a single nucleotide located in the middle of the 25mer oligo. In absence of cross hybridization, the signal from the PM spot is always stronger than that of the MM spot. If the situation is reversed, i.e. the signal from the mismatched probe is not significantly lower than the PM probe, both PM and MM signals are most likely due to unspecific hybridization. This methodology not only allows the detection of cross-hybridizations, but also with some modifications can be used for genotyping, i.e. in the determination of the presence of specific alleles, with a single nucleotide resolution. In this case, four probes are used that differ for the oligonucleotide in the middle position, that is in turn either and A or a G or a C or a T. The probe that perfectly matches the sample DNA shows the highest signal. By comparing the probe signals is, therefore, possible to determine the allelic composition of the investigated DNA sample.
Microarray-based diagnostics
In food quality control as well as in veterinary and medical diagnostics, it is crucial to quickly identify the pathogens causing certain symptoms or contaminations. The accuracy of pathogen detection is also very important as some closely related innocuous and harmful bacteria can coexist in the same matrix or product. If the two kinds are not distinguished, detection might result in false positives or false negatives. The wide range of pathogens that can contaminate a given product might delay the right pathogen diagnosis.
The possibility, offered by microarrays, to miniaturize many different pathogen specific probes on a single support well accompanies their high sensitivity and specificity. In this scenario, it is easy to imagine the opportunities microarrays can offer, making them the technique of choice for pathogen detection and diagnostics in the upcoming future. Recently, Lin et al. [30] set up a diagnostic test for the detection of a total of 23 bacteria and viruses. The test implements Affymetrix microarrays on which pathogen specific sequences are synthesized that are redundantly informative, to guarantee high detection quality. The system incorporates the PM/MM method to discriminate between real and artefacts.
Wang et al. [62] presented an array-based assay for the identification of 23 foodborne pathogens. Their array consists of 20-30mers spotted on a glass slide, and is designed to hybridize to the 16S gene of target pathogens. Authors found a cross reactivity, expected from theoretical prediction, among strains. Nevertheless, this cross reactivity does not hamper the correct classification of each isolate, relying on the pathogen specific hybridization pattern, i.e. on its ''molecular signature''.
Other microarray-based tests also focused on important food-borne pathogens. For instance, Shigella sp. and Escherichia coli received a lot of attention and much effort has been put into the development of a test able to detect and determine the serotype of pathogenic strains [29, 31, 32] . The identification of a specific serotype is particularly important with E. coli, as pathogenicity varies among different strains, ranging from the harmless K-12 to the life threatening O157:H7. Another approach exploits over 400 long DNA oligos (70mers) to detect and classify 11 different E. coli pathotypes, i.e. groups of strains hosting similar virulence factor and causing similar clinical symptoms [44] . The assay relies on pathotype-specific genes as well as E. coli core sequences. The system shows some non-specificity, meaning that several probes crossreact also with pathotypes different from those to which they should be specific. Again, the correct assessment of each strain is based on the molecular signature of the pathotype. The lower stringency of long probes allows DNA from previously uncharacterized pathotypes to hybridise even in absence of a full identity with the probes. This can result in a new hybridisation pattern and can serve to define a new molecular signature for the strain under examination.
Food safety along with traceability took advantage of array-based tests like CarnoCheck Ò (greiner bio-one) that allow the simultaneous identification of eight different animal species to detect food fraudulent manipulations.
Until recently the high costs of reagents (chip and labelling kit) and of instruments (scanner and hybridization chamber) limited the use of diagnostic microarrays mainly to the medical field. It is not unreasonable though to believe that in the upcoming future the widespread use of this technology will make microarray-based diagnostics more affordable and will diffuse this technology to the routine use in food safety.
Ligation detection reaction-universal arrays (LDR-UA)
The ligation detection reaction (LDR) combined with universal arrays (UA) was introduced in the late 90s by Gerry et al. [16] . The LDR-UA technique was developed to uncouple the probe/target recognition and annealing from the microarray hybridization, reducing costs and conferring higher flexibility and selectivity [5] .
The LDR takes advantage of probe sets composed of two probes: a discriminating probe (DP) and a common probe (CP). DP and CP are designed to anneal juxtaposed on the target sequence, with the DP positioned at the 5 0 end of the CP and no gaps between them. The DP is modified at its 5 0 end with a fluorophore, whereas the CP is modified at its 5 0 end with a phosphate and it is extended at the 3 0 end with a unique 25 bp sequence named Zip Code, that characterize the probe set. The target sequence is typically a PCR product that is denatured to allow the CP and DP to anneal one next to each other. A thermostable ligase is then used to ligate the two probes together, bringing the fluorophore and the cZip Code together on the same resulting molecule (Fig. 3) .
The ligation product is hybridized to the UA. The UA is an oligonucleotide DNA microarray with a different ''cZip Code'' (the complementary sequence of the ZIP Code) in each spot. Each CP is captured by the corresponding cZip Code. If CP and DP have been ligated together in the LDR, i.e. if the captured molecule carries a fluorophore, then the array spot will be visible.
Normally Taq or Pfu ligases are used as they have the highest performance at 65°C. This allows designing probes with high melting temperature, thus minimizing the cross reactivity and increasing specificity. Moreover, due to the thermostable properties of the ligase, the denaturation/ annealing/ligation process can be repeated many times with a theoretical linear amplification of the target (30-fold for 30 cycles). The LDR reaction is also very sensitive to mismatches: a single base pair substitution located at the 3 0 end of the DP prevents the ligation, resulting in no signal at the corresponding spot of the UA. This confers to the LDR-UA detection system a very high discriminatory power that finds a good application in diagnostics. By using LDR-UA it is possible to safely identify and distinguish related species that differ by only one base pair in a considered DNA sequence.
The use of multiple CP/DP sets targeting one or more PCR fragments is possible. The detection of DNA from different species can be achieved by implementing multiplex PCR products and a mixture of CP/DP sets. The array hybridization pattern will describe the content of the DNA pool under investigation. The possibility to spot a large number of cZip Codes onto a single slide gives the opportunity to detect as many DNA species at the same time.
The same Zip Code can be associated with probe sets labelled with fluorophores of different colours. This approach can be exploited to increase the number of DNA Genes Nutr (2009) 4:1-12 5 species detectable simultaneously without altering the number of available spots on the array. An alternative to UA hybridization is the use of capillary electrophoresis (CE). The LDR products are separated in capillaries and the ligation occurrence is visible due to the band-shift. The use of various probe sets simultaneously is still possible and the ligated probes can be separated with a one base pair resolution [17, 46] . This approach can be cost effective, but when the simultaneous visualization of many different DNA species or a higher sensitivity is needed UAs are more convenient.
Recently, the use of padlock probes allowed the detection of genomic DNA without an intermediate PCR amplification step. In this approach, the two CP/DP probes are at the extremities of one long (*100 bp) DNA oligo (padlock probe, Fig. 4 ). Within the padlock probe two primer annealing sites and a Zip Code are included. The parts of the padlock probe corresponding to the two probes anneal to the DNA target and are ligated together upon sequence recognition, resulting in the circularization of the molecule. The molecular ring is then amplified by universal primers and labelled with a fluorophore. The amplicon, that must include the Zip Code, is then hybridized to an UA [52] .
LDR-UA in diagnostics
The sensitivity and flexibility offered by the LDR-UA system creates many possibilities in various fields, from genotyping to diagnosis. Although the full potential of this technique has not been exploited yet, some authors report interesting applications.
Food safety has been the concern of LDR-UA based kit developers, as at least two tests have been published that contribute to this research field. First, the LDR-UA technology has been used for the detection and classification of water borne pathogens such as cyanobacteria [6] . The authors used a mix of 19 probe sets able to detect over 300 cyanobacteria strains and classify them in 14 phylogenetic lineages. Second, this technology was implemented to detect five different genetically modified organism (GMO) DNAs simultaneously [4] . The LDR, followed by UA hybridization, was performed on PCR products obtained from samples containing as little as 0.5% GMO DNA, producing unambiguous results.
Finally, a LDR-UA based kit was also developed to detect mutations of bovine milk protein genes with the aim of improving the composition and quality of milk and milk derived products [8] . 
Molecular detection techniques comparison
Many factors guide the choice of which molecular technique is to be implemented. The available budget, the response time, the number of species to be detected simultaneously, and the required resolution (genera, species, pathotype, serotype), are some of the features to be considered ( Table 1) .
The most popular approach is TaqMan PCR that is considered a good compromise of the features listed above. This system can provide results in a matter of hours and has also been used to discriminate sequences that differ only for one base pair. This is done by using two competing probes corresponding to the two genotypes under investigation [50] . Nevertheless, other methods have been shown to perform better in single nucleotide polymorphism (SNP) identification (see below and [22] ).
Comparing the performance of NASBA and PCR on the same number of bacteria cells, NASBA is generally more sensitive than PCR performed on genomic DNA, possibly because the amplification starts from the many mRNA copies of the gene under investigation, in contrast to its single copy in the genome [58] . The NASBA-based diagnostic assay for the detection of Plasmodium falciparum proved to provide results in less time than the RT-PCR equivalent [48] . RNA based techniques, such as NASBA or RT-PCR, have been mainly applied to the detection of retroviruses, leaving the diagnosis of bacteria to genomic DNA based systems. This choice is probably due to the difficulty in handling RNA, the need for the gene used as marker to be constitutively expressed and for the cell to be viable.
The great advantage of miniaturized systems like microarrays resides in the possibility to visualize many different DNA sequences at the same time. High density microarray chips can contain hundreds of thousand of probes and allow the detection of a large range of pathogens, as well as undesired food components (e.g. GMOs). The amplification product is hybridized on Universal Arrays The high costs of microarrays are justified if their potential is fully exploited and are used with samples, where a wide spectrum of contaminants is expected to be found. Differently from the TaqMan PCR, where the detection occurs as the reaction runs, the use of microarrays requires further steps: the purification and labelling of the amplified DNA and its hybridization to the chip. The recommended hybridization time for short oligo chips is 14-16 h at 45°C (Affymetrix).
With regard to the LDR-UA system, the LDR itself adds an additional 3-4 h to the process. This time consuming step is largely compensated by a reduced microarray hybridization period. Since the Zip Codes are designed to have an optimal melting temperature, incubation at 65°C for 1-2 h is sufficient, and the cross reactivity is minimal.
The LDR-UA has proved to be very sensitive, being able to detect target PCR product up to 50 pM, a concentration certainly not visible with an EtBr agarose gel or with a conventional microarray [6] . The high sensitivity of LDR-UA is mainly due to the linear amplification performed during the reaction and to the concentration of the fluorescent probes on the UA spot. The PCR-LDR-CE variant too gives good performance, with the detection limit of about 120 bacterial genome equivalents in the initial PCR.
The tight control on the probe ligation due to the thermostable ligase results in no non-specific signal in case of probe/target mismatch and consequently unambiguous interpretation of the results. Moreover, this system allows the most reliable SNP detection and the safe discrimination of species or serotypes that differ even by as little as one nucleotide.
The universality of the array resides in the cZip Code that has the lowest possible homology to any other sequence. The advantage of this system is that the probe sets can be changed without printing a new microarray. In this way, the replacement of a malfunctioning probe or the addition of new probe sets is easily and quickly done at the cost of the new probes only. Furthermore, the probe/target annealing temperature is not constrained to a certain value, as it happens during regular array hybridization: the LDR can be performed separately according to each probe optimum temperature and the ligation products can be pooled together before hybridizing on the UA [8] .
Choice of the target gene
Regardless the detection technique chosen for the development of a diagnostic method, the selection of the target sequence must be done carefully and a few important points must be considered.
First, the huge amount of sequence data available from many online databases offers a powerful resource for the design of primers and probes to be implemented in the detection of pathogens. Nevertheless, isolates from field samples or clinical specimens can significantly deviate from the reference strain sequence reported in the database, as the reference strains represent single isolates. For this reason the largest number of sequences should be considered in the design of the molecular probes, and if needed in house sequencing should be performed. Moreover, to add robustness to the molecular test and to be reasonably sure to detect all strains, the target sequence should be well conserved in the various species to be included in the assay. Similarly, if the intent is to distinguish a species from a closely related one, reliable polymorphisms should be chosen. Non synonymous polymorphisms, i.e. those that alter the deduced amino acid sequence of a coding region, are normally considered to be more reliably species-specific than the non-conservative ones, as they result in a phenotypic change that might be specific of the strain.
Secondly, the detection of pathogenic genes located in plasmids (e.g. the shiga-like toxin encoding genes in the O157 plasmid of E. coli) might increase the sensitivity of the test with respect to genomic sequences, being plasmids present in multiple copies in each cell. However, the use of these sequences as target could lead to the incorrect classification of the detected bacteria, due to the high ratio of horizontal plasmid transfer, even between different species [56] .
Thirdly, one should consider whether to target a protein coding sequence or any other conserved regions, e.g. those encoding the 16S or 18S ribosomal RNA. The latter are very conserved sequences and are normally present in many copies in the genome. These features elected 16S or 18S the target of choice for many diagnostic purposes and a databases have been created to collect the 16S sequences from a huge number of living forms (RDPII database, over 706 k entries in October 2008; http://rdp.cme.msu.edu/). However, some authors chose genes that are more strongly related to virulence, hence considered more pathogen specific. For instance, Volokhov and colleagues [60] developed a Listeria diagnostic microarray-based on genes essential for the bacteria virulence but found in all Listeria strains, such as the invasion associated protein (iap), and in pathogenic strain-specific genes, such as hly.
The use of virulence genes as well as other speciesspecific sequences has an additional advantage: they are normally less conserved than the ribosomal RNA encoding genes; therefore, they permit discrimination with a higher resolution. In this way, the correct classification of very closely related species, such as E. coli and Shigella sp. is possible. For instance, targeting various virulence and nonvirulence genes, a PCR based assay was developed to perform a highly discriminative classification of E. coli distinguishing the most frequently isolated serotypes [45] .
Molecular diagnostic limitations
Molecular diagnostic methods offer a faster and more sensitive alternative to traditional immunoassays and culture techniques. Nevertheless, in spite of the unquestionable advantages a quick diagnosis brings to food safety, so far they have replaced traditional methods only in a limited number of analyses. There are still some factors that hinder the adoption of diagnostic assays based on the pathogen's nucleic acids, rather than on its phenotype.
One major factor is the abundance of false positives and false negatives results. The presence of DNA in the environment, in the laboratory and even in the instruments used to prepare the reaction mix often results in the false detection of a pathogen. Differently from living cell contaminations that can be easily wiped out from surfaces and lab equipment, DNA is less easily removable.
False negative results can be caused by the presence of inhibitors. It often happens that the sample to be analyzed is a complex matrix, such as cheese or salami that can contain chemical compounds able to interfere with the enzyme activity. Enzyme inhibition can thus bring about a false negative result. Therefore, some food matrices require nucleic acid extraction protocols that are ad hoc studied to remove inhibitors. Furthermore, the introduction of positive controls like the IPC described for the TaqMan PCR is necessary to bring validity to the test.
In many cases the genomic DNA of the host organism itself, especially from ground or processed meat or from complex food products, can interfere with the detection procedure by competing for the probe and primer annealing. The big size of vertebrate or plant genomes, on average 10 3 -10 4 fold bigger than that of bacteria, renders this phenomenon not negligible even with relatively few host cells. The reduction of DNA complexity, for instance by eliminating genomic repetitive sequences, can in many cases help solve this problem [30] . In general, the presence of abundant inhibitors or competitors makes the bacteria enrichment via culture a necessary step [37, 53] . Enrichment is typically achieved with a stomacher device that mechanically disrupts the food matrix in a cultivation broth. The homogenized sample is then filtered and incubated at the proper growth temperature for 1 or 2 days.
In case of bacteria and fungi with a thick cell wall, an aggressive protocol that can involve both chemical and enzymatic reagents, is required for efficient wall lysis prior to the extraction of genomic DNA and the amplification reaction.
Moreover, in most cases, the detection of contaminations using molecular methods requires a priori knowledge of the target sequence and the occasional mutation in the genomic DNA can compromise the detection. This problem can be overcome with the use of redundant probes, or primers that make extremely unlikely the simultaneous variation of all target sequences, or with the implementation of long probes and less stringent hybridization conditions. Finally, the DNA based assays are able to detect both viable and non viable pathogens. While this can be an advantage with non-cultivable pathogens, it can also have some drawbacks. In fact, the detection of death pathogenic organisms, whose genomic DNA is still contained in the sample, can bring about a false positive result. In these cases a molecular backup is offered by RNA based techniques, like NASBA or RT-PCR, since the RNA is less stable than DNA.
A possible solution to some limitations of the molecular methods could come from microfluidics, multidisciplinary technologies aimed to develop sub-millimetre scale devices. Microfluidics-based ''Lab-on-chips'' includes devices that perform reactions such as DNA extraction, PCR and microarray hybridization in one single piece of equipment and with minimal human intervention. Moreover, all these reactions can be combined and performed in a succession, reducing contamination risks [23] . Lab-on-chips have been designed to perform PCR from genomic DNA immediately followed by LDR. The hybridization on universal microarray is also possible and the entire process is completed in less than 1 h, instead of several hours [19, 20, 64] .
Microfluidics allows the use of small volumes and sample amounts, increasing sensitivity and improving experiment throughput. More importantly, the sample carryover is very limited, reducing the risk of contamination. Furthermore, as lab-on-chip includes all steps in one device, procedures are more easily standardized. A major benefit of miniaturization and standardization will be portable devices for the on site detection of pathogens, thus limiting the laboratory work, sample handling and transportation.
